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Associated J/ψ {W,Z} production
Kniehl/Palisoc/Zwirner, PRD 66, 114002 (2002);
Li/Song/Zhang/Ma, 83, 014001 (2011); Lansberg/Lorce, PLB 726, 218 (2013)

provides rich observables for probing Q production mechanisms

J/ψW: a clear color octet signal?

but ∃ EM contributions

& strange sea contributions

J/ψ Z: color singlet at LO

color singlet at NLO

color octet at LO

color octet at NLO

SMLZG: octet rates larger, but note
NLO-vs-LO & calculation scale are controversial (see GLLW)
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J/ψ {W,Z} final states can also probe fundamental physics:

H → Q+ {γ, W , Z} measurements
BSM tests — charged Higgs, new light scalars, . . .
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Associated J/ψ {W,Z} production
SMLZG: Song/Ma/Li/Zhang/Guo, JHEP 02 (2011) 071; err. ibid. 12 (2012) 010;
GLLW: Gong/Lansberg/Lorce/Wang, JHEP 03 (2013) 115
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Figure 1. The tree-level Feynman diagrams for the partonic processes qq̄ → J/ψ + Z0 (1-4) and

gg → J/ψ + Z0 (5-12).

2 LO calculations for the pp → J/ψ + Z0 + X process

At the LO, there involves two types of partonic processes, which contribute to the pp →
J/ψ + Z0 + X process:

qq̄ → cc̄[n] + Z0, n = 1S
(8)
0 , 3S

(8)
1 , 3P

(8)
J , (2.1)

gg → cc̄[n] + Z0, n = 3S
(1)
1 , 1S

(8)
0 , 3S

(8)
1 , 3P

(8)
J , (2.2)

where q represents all possible light-quarks (u, d and s). The tree-level Feynman diagrams

are shown in figure 1. The cross section for the production of a cc̄ pair in a Fock state

n, σ̂[ij → cc̄[n] + Z0], is calculated from the amplitudes which are obtained by applying

certain projectors onto the usual QCD amplitudes for open cc̄ production. In the notations

of ref. [48]:

A
cc̄[1S

(8)
0 ]

= Tr
[
C8Π0A

]
q=0

,

A
cc̄[3S

(1/8)
1 ]

= EαTr
[
C1/8Π

α
1 A

]
q=0

,

A
cc̄[3P

(8)
J ]

= E(J)
αβ

d

dqβ
Tr

[
C8Π

α
1 A

]
q=0

,

where A denotes the QCD amplitude with amputated charm spinors, the lower index q

represents the momentum of the heavy quark in the QQ̄ rest frame. Π0/1 are spin projectors

onto the spin singlet and spin triplet states. C1/8 are color projectors onto the color singlet

and color octet states, and Eα and Eαβ represent the polarization vector and tensor of the

cc̄ states, respectively.
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J/ψ {W,Z} final states can also probe fundamental physics:

H → Q+ {γ, W , Z} measurements
BSM tests — charged Higgs, new light scalars, . . .
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Figure 2. Some representative QCD one-loop Feynman diagrams for the partonic processes gg →
cc̄[3S

(1)
1 ] + Z0 (1-6) and qq̄ → cc̄[3S

(8)
1 ] + Z0 (7-12).

3.1 Virtual corrections

The QCD O(αs) virtual corrections come from the one-loop diagrams including self-energy,

vertex, box, pentagon and counterterm diagrams. Some representative one-loop Feynman

diagrams are displayed in figure 2. We use FeynArts to generate the diagrams for all re-

lated subprocesses [49]. Then we use our in-house Mathematica program to simplify and

square the amplitudes. The phase space integration is implemented by applying FormCalc

programs [50]. There are UV, IR and Coulomb singularities in the the virtual correc-

tions. We adopt the dimensional regularization (DR) scheme to regularize the UV and IR

divergences, and the modified minimal subtraction MS and on-mass-shell schemes to renor-

malize the strong coupling constant and the quark wave functions, respectively. We adopt

the definitions of one-loop integral functions in ref. [51, 52], and use the Passarino-Veltman

reduction formulas to reduce the tenser integrals to scalar integrals.

We use the expressions in ref. [53] to deal with the IR singularities in Feynman integrals,

and apply the expressions in refs. [54–56] to implement the numerical evaluations for the

finite parts of N-point scale integrals. In the virtual correction calculations, we find that

figure 2(6,9,11) contain Coulomb singularities, which are regularized by a small relative

velocity v between c and c̄ [57], and are canceled by those stemming from the NLO QCD

correction to the operator < OJ/ψ
n >.

3.2 Real gluon/light-(anti)quark emission corrections

For the real emission partonic processes (shown in figure 3), there are IR singularities in

the phase space integration. We use the two cutoff phase space slicing method (TCPSS) to

perform the integration over the phase space of these real emission partonic processes [58].

– 5 –

J/ψ {W,Z} final states can also probe fundamental physics:

H → Q+ {γ, W , Z} measurements
BSM tests — charged Higgs, new light scalars, . . .

Bruce Yabsley (ATLAS / Sydney) Associated cc production at ATLAS CHARM 2015/05/21 3 / 29



Associated J/ψ {W,Z} production
SMLZG: Song/Ma/Li/Zhang/Guo, JHEP 02 (2011) 071; err. ibid. 12 (2012) 010;
GLLW: Gong/Lansberg/Lorce/Wang, JHEP 03 (2013) 115

provides rich observables for probing Q production mechanisms

J/ψW: a clear color octet signal?

but ∃ EM contributions

& strange sea contributions

J/ψ Z: color singlet at LO

color singlet at NLO

color octet at LO

color octet at NLO

SMLZG: octet rates larger, but note
NLO-vs-LO & calculation scale are controversial (see GLLW)

J
H
E
P
0
2
(
2
0
1
1
)
0
7
1

(1)

u

u

c

c

Z

g

c

(2)

q

q̄

c

c

Z

g

c

(3)

q

q̄

c

c

Z

q

g

(4)

q

q̄

c

c

Z

q
g

(5)

g

g

c

c

Z

g

c

(6)

g

g

c

c

Z

g

c

(7)

g

g

c

c

Z

c

c

(8)

g

g

c

c

Z

c

c

(9)

g

g

c

c

Z

c

c

(10)

g

g

c

c

Z

c

c

(11)

g

g

cc

Z

c

c

(12)

g

g

c

c

Z

c

c

Figure 1. The tree-level Feynman diagrams for the partonic processes qq̄ → J/ψ + Z0 (1-4) and

gg → J/ψ + Z0 (5-12).

2 LO calculations for the pp → J/ψ + Z0 + X process

At the LO, there involves two types of partonic processes, which contribute to the pp →
J/ψ + Z0 + X process:

qq̄ → cc̄[n] + Z0, n = 1S
(8)
0 , 3S

(8)
1 , 3P

(8)
J , (2.1)

gg → cc̄[n] + Z0, n = 3S
(1)
1 , 1S

(8)
0 , 3S

(8)
1 , 3P

(8)
J , (2.2)

where q represents all possible light-quarks (u, d and s). The tree-level Feynman diagrams
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Figure 2. Some representative QCD one-loop Feynman diagrams for the partonic processes gg →
cc̄[3S

(1)
1 ] + Z0 (1-6) and qq̄ → cc̄[3S

(8)
1 ] + Z0 (7-12).

3.1 Virtual corrections

The QCD O(αs) virtual corrections come from the one-loop diagrams including self-energy,

vertex, box, pentagon and counterterm diagrams. Some representative one-loop Feynman

diagrams are displayed in figure 2. We use FeynArts to generate the diagrams for all re-

lated subprocesses [49]. Then we use our in-house Mathematica program to simplify and

square the amplitudes. The phase space integration is implemented by applying FormCalc

programs [50]. There are UV, IR and Coulomb singularities in the the virtual correc-

tions. We adopt the dimensional regularization (DR) scheme to regularize the UV and IR

divergences, and the modified minimal subtraction MS and on-mass-shell schemes to renor-

malize the strong coupling constant and the quark wave functions, respectively. We adopt

the definitions of one-loop integral functions in ref. [51, 52], and use the Passarino-Veltman

reduction formulas to reduce the tenser integrals to scalar integrals.

We use the expressions in ref. [53] to deal with the IR singularities in Feynman integrals,

and apply the expressions in refs. [54–56] to implement the numerical evaluations for the

finite parts of N-point scale integrals. In the virtual correction calculations, we find that

figure 2(6,9,11) contain Coulomb singularities, which are regularized by a small relative

velocity v between c and c̄ [57], and are canceled by those stemming from the NLO QCD

correction to the operator < OJ/ψ
n >.

3.2 Real gluon/light-(anti)quark emission corrections

For the real emission partonic processes (shown in figure 3), there are IR singularities in

the phase space integration. We use the two cutoff phase space slicing method (TCPSS) to

perform the integration over the phase space of these real emission partonic processes [58].
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figure 2(6,9,11) contain Coulomb singularities, which are regularized by a small relative

velocity v between c and c̄ [57], and are canceled by those stemming from the NLO QCD

correction to the operator < OJ/ψ
n >.

3.2 Real gluon/light-(anti)quark emission corrections

For the real emission partonic processes (shown in figure 3), there are IR singularities in

the phase space integration. We use the two cutoff phase space slicing method (TCPSS) to

perform the integration over the phase space of these real emission partonic processes [58].

– 5 –

J/ψ {W,Z} final states can also probe fundamental physics:

H → Q+ {γ, W , Z} measurements
BSM tests — charged Higgs, new light scalars, . . .
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3.1 Virtual corrections

The QCD O(αs) virtual corrections come from the one-loop diagrams including self-energy,

vertex, box, pentagon and counterterm diagrams. Some representative one-loop Feynman

diagrams are displayed in figure 2. We use FeynArts to generate the diagrams for all re-

lated subprocesses [49]. Then we use our in-house Mathematica program to simplify and

square the amplitudes. The phase space integration is implemented by applying FormCalc

programs [50]. There are UV, IR and Coulomb singularities in the the virtual correc-

tions. We adopt the dimensional regularization (DR) scheme to regularize the UV and IR

divergences, and the modified minimal subtraction MS and on-mass-shell schemes to renor-

malize the strong coupling constant and the quark wave functions, respectively. We adopt

the definitions of one-loop integral functions in ref. [51, 52], and use the Passarino-Veltman

reduction formulas to reduce the tenser integrals to scalar integrals.

We use the expressions in ref. [53] to deal with the IR singularities in Feynman integrals,

and apply the expressions in refs. [54–56] to implement the numerical evaluations for the

finite parts of N-point scale integrals. In the virtual correction calculations, we find that

figure 2(6,9,11) contain Coulomb singularities, which are regularized by a small relative

velocity v between c and c̄ [57], and are canceled by those stemming from the NLO QCD

correction to the operator < OJ/ψ
n >.

3.2 Real gluon/light-(anti)quark emission corrections

For the real emission partonic processes (shown in figure 3), there are IR singularities in

the phase space integration. We use the two cutoff phase space slicing method (TCPSS) to

perform the integration over the phase space of these real emission partonic processes [58].

– 5 –

J/ψ {W,Z} final states can also probe fundamental physics:

H → Q+ {γ, W , Z} measurements

BSM tests — charged Higgs, new light scalars, . . .
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Associated J/ψ {W,Z} production
Geoff Bodwin’s talk on Monday at this meeting:

Theoretical Aspects Quarkonium Production in Vacuum

Geoffrey Bodwin (ANL)

• Brief Review of NRQCD Factorization

• Status of a Proof of NRQCD Factorization

• Why is large pT important?

• What are LP and NLP factorization (fragmentation)?

• What happens in Hadroproduction at LO in αs?

• What happens in Hadroproduction at NLO in αs?

• Why are there so many different NLO predictions?

• What happens to J/ψ polarization in NLO?

• What do we expect beyond NLO in αs?

• How do we go beyond NLO in αs?

• Outstanding Problems

• Conclusions and Outlook

Theoretical Aspects Quarkonium Production in Vacuum 1 G. Bodwin (ANL)

What do we need from experiment?

• Check of the ηc cross-section measurement

• Measurements at the highest accessible values of pT in order to minimize effects
of non-factorizing contributions

• Measurements of direct-production cross sections and polarizations in order
avoid confusion from feeddown effects

• Measurements of χcJ cross sections and polarizations

– Particularly interesting because only one LDME must be determined from
phenomenology.

– Initial cross-section measurements show good agreement between theory
and experiment, but uncertainties are still large.

– The color-singlet LDME from fits to experiment agrees well with potential-
model values:
Suggests that NRQCD factorization is working.

Theoretical Aspects Quarkonium Production in Vacuum 41 G. Bodwin (ANL)

• Measurements of Υ(nS) and χb(nP ) cross sections and polarizations at higher
precision and higher pT (some measurements already exist)
Tests NRQCD in a new regime in which v2 is much smaller than for charmonium
systems.

– The v expansion should work much better for Υ(nS) than for J/ψ.

– Different v2 may mean different relative sizes of LDMEs.

Non-factorizing contributions may be suppressed only at pT ! mΥ.

• Measurements of additional production processes

– double-charmonium production

– J/ψ + Z, J/ψ + W±

– J/ψ + jet

Theoretical Aspects Quarkonium Production in Vacuum 42 G. Bodwin (ANL)
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Double parton scattering as a source of J/ψ {W,Z}
ATLAS Collaboration, New J. Phys. 15, 033038 (2013)

J/ψ{W ,Z} can also be produced by double parton scattering.

We rely on our study of W + 2 jet production, in the usual model of DPS:
extraction of two partons from each of proton 1 and proton 2,

dσ̂DPS
W+2j =

m

2σeff(s)

∫
dxi1dxj1dxi2dxj2 fi1 j1 (xi1, xj1 , µF ) fi2 j2 (xi2, xj2 , µF )

dσ̂i1 i2→W (xi1 , xi2 , s)dσ̂j1 j2→2j(xj1 , xj2 , s)

with factorization fij(xi , xj , µF ) = fi (xi , µF )fj(xj , µF )(1− xi − xj)Θ(1− xi − xj)

νq

ℓ̄

W+

⊗
q̄

and modelling the
DPS sub-processes

σ̂W (s) = σW (s)

and

σ̂2j(s) = σ2j(s)

cf. DIRECT PRODN :

W+

ν

ℓ̄

q
g

q

g

Bruce Yabsley (ATLAS / Sydney) Associated cc production at ATLAS CHARM 2015/05/21 5 / 29



Double parton scattering as a source of J/ψ {W,Z}
ATLAS Collaboration, New J. Phys. 15, 033038 (2013)

36pb−1 of
√

s = 7 TeV data from the 2010 run

W → eν (µν): p`T > 20 GeV, |η`| < 2.47 (2.4), E miss
T > 25 GeV, mT > 40 GeV

two jets: pT > 20 GeV, |y | < 2.8 (anti-kT , R = 0.4; isolation from e (µ))

5% (8%) bkgd: subtracted

fit direct prodn and DPS
MC templates to the
normalized dijet pT balance,

∆n
jets =

∣∣∣~p J1
T +~p

J2
T

∣∣∣∣∣∣~p J1
T

∣∣∣+∣∣∣~p J2
T

∣∣∣
W + 0 jet & low-pileup 2 jet
samples for determination of
σW and σ2j

σeff(7 TeV) = 15± 3 (stat.) +5
−3 (syst.)mb: consistent with ≈ TeV measts ;

conditions comparable to associated J/ψ {W ,Z} production
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ATLAS Collaboration, New J. Phys. 15, 033038 (2013)
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ATLAS Collaboration, New J. Phys. 15, 033038 (2013)
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Quarkonium studies at ATLAS: analyses

Production cross-sections:

J/ψ differential, prompt & non-prompt NPB 850, 387 (2011)

Υ(1S) fiducial PLB 705, 9 (2011)

Υ(nS) differential PRD 87, 052004 (2013)

χc1,c2 differential, prompt & non-prompt JHEP 07 (2014) 154

ψ(2S) differential, prompt & non-prompt JHEP 09 (2014) 079

Spectroscopy:

χbJ(nP); χbJ(3P) first observation PRL 108, 152001 (2012)

Xb → π+π−Υ(1S) search PLB 740, 199 (2015)

Associated production:

prompt J/ψ in association with W± JHEP 04 (2014) 172

prompt J/ψ in association with Z 0 arXiv:1412.6428 → EPJC
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Quarkonium studies at ATLAS: the detector

optimized for a range of high-pT discovery physics
in
√

s = 14 TeV pp collisions
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Quarkonium studies at ATLAS: the detector

typical quarkonium analysis: ATLAS is ≈ a large {Si pixel & strip, TRT}
vertexing and tracking system, surrounded by trigger and muon ID
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Quarkonium studies at ATLAS: trigger conditions

onia analyses: high-pT µ, M(µµ)-restricted-dimuon, . . . triggers

typical case: increasing L → higher-pT triggers, prescaling, . . .
J/ψ {W ,Z}: trigger on W /Z lepton; better J/ψ acceptance
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Associated production: selection criteria

J/ψ → µ+µ− selection:

µ: |η| < 2.5; pT > 3.5 (2.5) GeV for |η| < (>)1.3; within 10mm of PV along z

ψ: |y | < 2.1, pT > 8.5 GeV; ≥ 1 pT > 4 GeV muon; ≥ 1 “combined” muon

J/ψW±:

pψT < 30 GeV, mµµ ∈ (2.5, 3.5) GeV

single-muon trigger: pT > 18 GeV

W± decay muon matches trigger;
|η| < 2.4, pT > 25 GeV, combined
closest approach PV < 1mm in z
transverse d0/σ(d0) < 3; isolated

Z 0 veto: W decay & OS ψ muons

E miss
T > 20 GeV; calculation

includes clusters with |η| < 4.9

mT > 40 GeV

J/ψ Z0:

pψT < 100 GeV, mµµ ∈ (2.6, 3.6)

single µ or e trigger: pT > 24 GeV

≥ 1 decay ` must match trigger;
µ: |η| < 2.4 and pT > 25 GeV;
e: “medium” ID, pT > 25 GeV

µ: |η| < 2.5, pT > 15 GeV, combined

e: |η| < 2.47, pT > 15 GeV,
“loose” ID, isolated

|m(`+`−)−mZ | < 10 GeV

J/ψ & Z 0 vertices < 10mm in z
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Associated production: acceptance
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

For a J/ψ of a given (|y |, pT ), the acceptance A is
the probability that the muons pass the (η, pT ) selection requirements.

Depends on the J/ψ spin alignment: the distribution W (cosϑ, ϕ)

∝ N
(3 + λϑ)

(1 + λϑ cos2 ϑ

+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ

+ λ⊥ϕ sin2 ϑ sin 2ϕ + λ⊥ϑϕ sin 2ϑ sinϕ)

For inclusive production:
reflection-odd terms unobservable (parity)

• limited range of (λϑ, λϕ, λϑϕ) allowed

• LHC experiments quote results for each of a set of working points

z'

ϑ, φ

ℓ+

z|J/ψ : 1, m 〉

ϑ, φ

J/ψ
rest frame

| ℓ+ℓ−: 1, l = m 〉

f

ℓ−
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Associated production: acceptance A(|y|, pT; FLAT)

ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428 (J/ψ Z0)

W (cosϑ, ϕ) ∝ (1 + λϑ cos2 ϑ+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ)

(λϑ, λϕ, λϑϕ) =

( 0, 0, 0)

unpolarized production

isotropic distribution
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Associated production: acceptance A(|y|, pT; LONG)

ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428 (J/ψ Z0)

W (cosϑ, ϕ) ∝ (1 + λϑ cos2 ϑ+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ)

(λϑ, λϕ, λϑϕ) =

(−1, 0, 0)

J/ψ polarization:
longitudinal along z

θ ∼ 90◦ preferred:
≈ equal sharing of pT

between muons
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Associated production: acceptance A(|y|, pT; T+0)

ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428 (J/ψ Z0)

W (cosϑ, ϕ) ∝ (1 + λϑ cos2 ϑ+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ)

(λϑ, λϕ, λϑϕ) =

(+1, 0, 0)

J/ψ polarization:
transverse along z

θ ∼ {0, 180}◦ preferred:
one µ emerges backward
in the Υ rest frame
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Associated production: acceptance A(|y|, pT; T++)

ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428 (J/ψ Z0)

W (cosϑ, ϕ) ∝ (1 + λϑ cos2 ϑ+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ)

(λϑ, λϕ, λϑϕ) =
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J/ψ polarization:
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Associated production: acceptance A(|y|, pT; T+−)

ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428 (J/ψ Z0)

W (cosϑ, ϕ) ∝ (1 + λϑ cos2 ϑ+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ)

(λϑ, λϕ, λϑϕ) =

(+1, −1, 0)

J/ψ polarization:
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θ ∼ {0, 180}◦ preferred:
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in the Υ rest frame
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

Looking at the events in dimuon invariant mass mµµ from the vertex fit,

and pseudo-proper time τ ≡
~L · ~p ψ

T

pψT
· mµµ

pψT
, where ~L = ~r ψ −~r PV

149 events:
78 with |y | ≤ 1.0,
71 with |y | ∈ (1.0, 2.1)

evident J/ψ signal

both prompt & displaced,
for both signal & background

approach: isolate in turn

(1) prompt J/ψ, then

(2) associated W± contribution

done separately in the 2 |y | bins
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

same technique used in charmonium production measurements:
2D fit to (mµµ, τ ) to distinguish prompt ψ, non-prompt ψ,

prompt bkgd, non-prompt bkgd
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

transverse mass mT =
√

2pµTE miss
T (1− cos(φµ − φmiss)],

to distinguish W± signal from multi-jet bkgd events producing {µ,E miss
T }

templates for
W±: MC simulation
multi-jet: non-isolated µ sample

mT distn, sP lot-weighted
(glorified bkgd-subtraction)
to pick out the signal, and . . .

a fit; W dominates,
W±: 29.2+7.5

−6.5 events
multijets: 0.1± 4.6

< 0.31 at 95% cred.

cf. pileup: 1.8± 0.2 events
estimated from W -inclusive, L, ∆z , measured σψ
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

azimuthal angle difference between W± and J/ψ ( sP lot-weighted),

to distinguish DPS (assumed ≈ flat in ∆φ) from direct production

DPS rate: estimated from

DPS ansatz Pψ|W = σψ/σeff

ATLAS σeff = 15± 3+5
−3 mb

−→ 10.8± 4.2 events,
. 40% of the sample

DPS shape validated∗ w Pythia 8

direct CS, CO: peaked ∆φ→ π

No fit here; my paraphrase:

to the extent that we can trust
the DPS rate, and the qualitative
results on shape, we have evidence for (direct) associated J/ψW
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

Results as ratios w.r.to inclusive W prodn (measured without J/ψ cuts):
1.48× 107 events, consistent w NNLO pQCD

Rfid: limited to fiducial region
dσ
dpT

differences, associated vs
inclusive J/ψ? . 1% effect

R incl, “inclusive”: corrected to
the full ψ decay parameter space

spin-alignment uncertainty
introduced at this step:
size ≈ other uncertainties

(pileup subtracted from both)

DPS-subtracted cf. theory:

R = (78± 32± 22+41
−25)× 10−8 10–32 in LO CS: PLB 726, 218 (2013)

5–6 in NLO CO: PRD 83, 014001 (2011)
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Prompt J/ψ in association with W± at
√

s = 7 TeV
ATLAS Collaboration, J. High Energy Physics 04 (2014) 172

results in pψT bins: DPS ansatz dσ̂DPS
ψW ∝ 1

σeff(s)

∫
d4{xi} f · f dσ̂ψ dσ̂W

gives the pT dependence
as well as the rate for DPS

another qualitative statement:
the excess at high pT

provides further warrant
(independent of ∆φ) of
a non-DPS-like component

the spin-alignment uncerty

also falls as a function of pT

we see J/ψW production,
consistent with expected DPS
contribution + associated
prodn at a higher rate than thy
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

2012 sample: 20.3 fb−1 −→ 290 events, 139 ψµµ Zµµ + 151 ψµµ Zee

signal evident in (mψ, mZ)
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

2D fit to (mµµ, τ ) to distinguish prompt ψ, non-prompt ψ,
prompt bkgd, non-prompt bkgd

fitted simultaneously w 105 inclusive ψ → µµ events w same selection
to determine parameters (cf. G-constraint method used for ψW )
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

change mT 7→ mZ

provides extra power;

MC signal template

multi-jet bkgd from
data, inverting `
isolation requirements

of 56± 10 prompt ψ:
0± 4 ee, 1± 4 µµ
background events

95± 12 non-prompt ψ:
1± 5 ee, 0± 5 µµ
background events
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

Analogous calculations for

pileup: 5.2+1.8
−1.3 events 2.7+0.9

−0.6 events

DPS calculation 11.1+5.7
−5.0 events 5.8+2.8

−2.6 events
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

Again: fiducial, inclusive (w spin-alignment uncert.), and DPS-subtracted
cross-section ratios; exceeds theory estimates at both

LO: JHEP 03 (2013) 115; note disagreements with
NLO: JHEP 02 (2011) 071; erratum ibid. 12 (2012) 010
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Prompt J/ψ in association with Z0 at
√

s = 8 TeV
ATLAS Collaboration, ATLAS–BPHY–2014–01, arXiv:1412.6428

As pT increases, the data excess over color singlet + octet + DPS grows,
and the spin-alignment uncertainty becomes negligible
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Summary

ATLAS has measured associated J/ψW and J/ψ Z production

in both cases, we find clean samples,
for both prompt and non-prompt J/ψ

the double parton scattering (DPS) contribution is estimated using
the standard ansatz, and our σeff measurement at

√
s = 7 TeV

we see evidence for associated production,
both in overall rates and in its pT spectrum

the rates are in excess over available theoretical predictions

this is an ideal ATLAS/CMS measurement,
robust against high rates & thresholds
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BACKUP: acceptance for V→ µ+µ−
Υ(nS) cross-section measurement; ATLAS Collab., PRD 87, 052004 (2013)

for a given (|y |, pT ),
A is the probability that
both muons fall within
the fiducial volume:

pµT > 4 GeV

|ηµ| < 2.3

4 GeV trigger thresholds
−→ pronounced structure

straightforward extension
to π+π−µ+µ− and
more complex final states
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BACKUP: polarization for V→ µ+µ−
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

for (JPC = 1−−) |V 〉 = b+1 |+ 1〉+ b−1 | − 1〉+ b0 |0〉 decaying → `+`−,

• the angular distribution W (cosϑ, ϕ)

∝ N
(3 + λϑ)

(1 + λϑ cos2 ϑ

+ λϕ sin2 ϑ cos 2ϕ + λϑϕ sin 2ϑ cosϕ

+ λ⊥ϕ sin2 ϑ sin 2ϕ + λ⊥ϑϕ sin 2ϑ sinϕ)

• inclusive production: p1, p2, and V only;
we (∼ must) choose (x , z) : production plane

• reflection-odd terms unobservable (parity)

• full angular distributions (λϑ, λϕ, λϑϕ) in general needed . . .

z'

ϑ, φ

ℓ+

z|J/ψ : 1, m 〉

ϑ, φ

J/ψ
rest frame

| ℓ+ℓ−: 1, l = m 〉

f

ℓ−
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BACKUP: polarization for V→ µ+µ−
Faccioli, Lourenço, Seixas, and Wöhri, EPJC 69, 657–673 (2010)

L: polarized

{
transversely

longitudinally

R: meast frame rotated by 90◦

integration over azimuth ϕ −→
longitudinal distn (d) looks like

transverse distn (a)

λϑ-only measurements
(à la TeVatron Run I)
can’t be compared without
assumptions about poln frame

experimental acceptance is also
typically a fn of (λϑ, λϕ, λϑϕ)

z z′
m = ±1

a) c)
m = ±1

y

x

y′

x′

z z′b) d)
m = 0

y

x

y′
x′
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BACKUP: polarization for V→ µ+µ−
Sandro Palestini, Physical Review D 83, 031503(R) (2011)

limited range of (λϑ, λϕ, λϑϕ) values allowed

LHC experiments quote results for each of a set of working points
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Darren Price – Quarkonium acceptance maps   ::   Onia subgroup meeting   ::   May 30th ‘12 Page 3 

Onia to dilepton script: v3 

In older version of the script we study five polarisation scenarios on the λθ-
λϕ plane (λθϕ=0) that fully span the possible effect of any polarisation state 

!"#$%&'()*+,##
%-.+/01213"3456#

ATLAS   CMS    
LHCb  ALICE 

λφ

λθ

dN

dΩ
= 1 + λθ� cos2 θ� + λφ� sin2 θ� cos 2φ� + λθ�φ� sin 2θ� cosφ�

New script adds two additional points off-plane λθ=0, λϕ=0, λθϕ=±0.5 that although 
do not change the cross-section beyond the other five, are theoretically interesting, 
and we should make an effort to quote our future results at 
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